Objectives: This study aimed to examine the feasibility of nasal powder formulations for the delivery of levodopa (L-dopa) into the brain using highly water-soluble levodopa methyl ester hydrochloride (LDME).
INTRODUCTION
Parkinson's Disease (PD) is a condition precipitated by decreased dopamine (DA) in the central nervous system-therefore, treatment is geared towards ensuring an adequate supply of DA to the striatum to rectify the imbalance. However, DA cannot be administered directly because it cannot penetrate the blood brain barrier. Levodopa (L-dopa), the metabolic precursor of DA, has been regarded as the standard for treating parkinson's disease [1] . L-dopa exerts its action by replacing the DA that would be normally released by the substantia nigra. It can cross the blood brain barrier via a saturable transporter and is converted to DA by * Correspondence to: Hye Sun Gwak, College of Pharmacy & Division of Life and Pharmaceutical Sciences, Ewha Womans University, Seoul 120-750, Korea. Tel.: +82 2 3277 4376; Fax: +82 2 3277 2851; E-mail: hsgwak@ewha.ac.kr. L-aromatic amino acid decarboxylase (also known as dopa decarboxylase) in the brain [2, 3] .
Currently, the oral route is the most popular clinically available route for L-dopa administration in PD patients. However, oral administration of L-dopa causes variable and unreliable clinical responses. Since L-dopa is immediately absorbed in the proximal duodenum by an active transport system, its plasma concentrations rapidly fluctuate. The rates and extents of L-dopa absorption may be affected by diet and other gastric factors. Saturable large neutral amino acids such as leucine, valine, phenylalanine, tyrosine, and methionine contained in food may compete with L-dopa for intestinal absorption [4, 5] . Thus, a highprotein diet reduce the absorption of L-dopa from the intestines. Constipation and slowing the gastric emptying influence the intestinal absorption in a negative way.
In addition, dysphagia is a well-recognized manifestation of PD; the prevalence of dysphagia is uncertain but may be as high as 52% in this disease. Patients experiencing this manifestation cannot be expected to comply with oral administration or to obtain optimal bioavailability of L-dopa [6, 7] .
A nasal delivery system has been considered as an alternative dosage form to oral delivery. The nasal cavity is easily accessible, extensively vascularized, and highly permeable. The large surface area of the nasal mucosa affords rapid absorption, fast onset of therapeutic effect, and higher bioavailability. Compounds administered via this route are absorbed directly into the systemic circulation, avoiding the hepatic first-pass effect [8] [9] [10] . In our previous study [11] , nasal delivery systems were formulated using L-dopa and found to be a favorable administration route. However, due to its low solubility, it was not possible to load a sufficient amount of L-dopa.
Levodopa methylester hydrochloride (LDME) is a highly soluble prodrug produced by the esterification of L-dopa. The molecular weight of LDME is 314 mg, which is equivalent to 250 mg of L-dopa. LDME is known to be about 250 times more soluble than L-dopa [12] . Therefore, it was expected that this compound could successfully overcome the solubility problem of L-dopa. Kao et al. (2000) reported the nasal administration of the water soluble prodrugs of L-dopa, but they mainly used pure butyl ester of L-dopa without further formulation for nasal delivery [13] .
The objective of this study was to evaluate the feasibility of nasal delivery of LDME by investigating its physicochemical and enzymatic stability, formulating nasal delivery systems, and characterizing the permeation of L-dopa through rabbit nasal mucosae.
MATERIALS AND METHODS

Animals
Male New Zealand White rabbits weighing 2.5-3.5 kg were obtained from Samtako Bio Co., Ltd. (Osan, Korea).
Materials
Levodopa (L-dopa), carbidopa (C-dopa), l-3,4-dihydroxyphenylalanine methyl ester hydrochloride (levodopa methyl ester, LDME) and ␣-methyldopa were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Silicated microcrystalline cellulose (SMCC, Mendell, Patterson, NY, USA), 2-hydroxypropyl-␤-cyclodextrin (2-HP␤CD, Cargill Inc., Minneapolis, MN, USA), hydroxypropyl cellulose (HPC, Aqualon, Wilmington, DE, USA), Carbopol 974 P (Noveon Inc., Cleveland, OH, USA), carboxymethyl cellulose-Na (CMC-Na, Junsei Chem. Co. Ltd., Kyoto, Japan), Xylazine (Bayer Korea, Ansan, Korea), tiletamine-xolazepam (Virbac Korea Medicine, Seoul, Korea), ether (Daejung Chemicals and Metals, Siheung, Korea), heptanesulphonate, disodium ethylenediamine tetraacetic acid (EDTANa 2 ), citric acid, sodium citrate, perchloric acid, orthophosphoric acid, maleic acid, and triethanolamine (Duksan Pure Chemical, Ansan, Korea) were also obtained. Methanol was used for HPLC analysis. Other reagents were of analytical grade.
Chromatographic conditions
Samples were analyzed by high-performance liquid chromatography (HPLC). The HPLC system consisted of a pump (PU-2080, Jasco, Tokyo, Japan) with an electrochemical detector (CouloChem III, ESA, Muskegon, MI, USA). The first electrode in the analytical cell was set at -400 mV (Range 100 A) and the second one at 450 mV (Range 100 nA) with a flow-rate of 1 mL/min. A Gemini 5 C18 column (4.6 × 150 mm, 5 m bead size, Phenomenex, Torrance, CA, USA) was used. The mobile phase was composed of 16.5 g of potassium phosphate, 1.0 mL of 0.1 M EDTANa 2 , 1.2 mL of 0.5 mM heptanesulphonate, and 19.5 mL of methanol with pH adjusted to 3.4 with phosphoric acid. The mobile phase was filtered through a 0.2-m cellulose membrane (Whatman, Maidstone, England).
Solution stability studies LDME solutions (100 g/mL) were prepared in various buffer solutions at pH 1.72, 3.20, 4.10, 4.96, 5.81 and 6.72. Each LDME solution was stored in water bath set at 37 • C. Samples (100 L each) were periodically taken from each solution and mixed with IS (20 g/mL in pH 1.2 buffer) 100 L and 0.1 N phosphoric acid 800 L. LDME and L-dopa concentrations in the samples were determined by assaying 50 L of the resultant mixture by the HPLC method summarized above.
Dissection of mucosa specimens
Male New Zealand White rabbits were sacrificed by injecting air into the marginal ear vein. Nasal mucosa was collected by making an incision from the tip of the nose all the way up with a surgical scissor and cutting the cartilage along the length of the lateral wall of the nose on each side of the nasal septum from the bottom with a heavy-duty scissor. This was followed by cutting the nasal septum across the top and the bottom with the surgical scissor and pulling off the nasal bone anteriorly to fully expose the nasal cavity. The nasal cartilage plate, which is covered with nasal membrane, was carefully removed by making three cuts on the top, bottom, and along side. Nasal membranes were separated from the underlying cartilage by carefully pushing off the cartilage, with a gloved thumb fingertip, from the lower end.
Preparation of mucosal and serosal extracts
Mucosal and serosal extraction was carried out in Valia-Chien permeation cells. Freshly excised nasal mucosae were mounted on the cell opening between the two half-cells, with the mucosal epithelium facing the donor half-cell. Both the donor and receptor half-cells were filled with 3.5 mL of isotonic phosphate buffer at pH 7.4, and mucosal and serosal extracts were collected separately by exposing the mucosal and serosal surfaces of each mucosa, respectively, to the isotonic phosphate buffer at 37 • C for 8 hr. The extraction procedure was repeated three times. The mucosal and serosal extracts, three each, were combined individually and stored in a refrigerator.
LDME degradation study in mucosal and serosal extracts
The degradation study was conducted by adding 100 L of two LDME solutions (50 and 200 g/mL) into 900 L of each extract and incubating them in a shaker bath at 37 • C for up to 180 min. As a control, 200 g/mL LDME solution in 1 : 1 mixture of pH 6.8 and pH 7.4 isotonic phosphate buffer was used. At predetermined time intervals, 100 L was withdrawn from the incubation solution and mixed with 100 L IS solution (20 g/mL in pH 1.2 buffer). Fifty microliters of the mixed solution was analyzed by HPLC.
Formulation of nasal delivery systems
Five nasal compositions were formulated as shown in Table 1 . For powder formulations, LDME was mixed with additives and stored in darkness until use. A solution formulation E was used as a control. 
Total (mg) 1000 1000 1000 1000 1 mL LDME: levodopa methyl ester, 2-HP␤CD: 2-hydroxypropyl-␤-cyclodextrin, SMCC: silicated microcrystalline cellulose, HPC: hydroxypropyl cellulose, CMC-Na: carboxymethyl cellulose-Na
Permeation studies
Franz Diffusion cells were used for LDME permeation study through rabbit nasal mucosae. Formulated powder (Formulation A∼D) and solution (Formulation E) for nasal delivery from Table 1 were loaded to the donor compartment at a dose of 3 mg of LDME; the serosal side was in contact with the receptor compartment. Receptor compartment cells were filled with pH 7.4 phosphate buffer, and the media were stirred by a Teflon-coated magnetic bar to keep them well mixed. The permeation media were maintained at 37 • C. The surface area of the receiver cell opening was 1.766 cm 2 , and the cell volume was 5 mL. At predetermined time intervals, 100 L was withdrawn from the receiver cells and diluted with 900 L of 0.1 N phosphate solution. The diluted solution 100 L was mixed with 200 L IS solution. Fifty microliters of the mixed solution was analyzed by HPLC.
RESULTS AND DISCUSSION
The physicochemical stability of LDME was evaluated according to solution pH. As pH increased, LDME was rapidly hydrolyzed, only 58% of LDME remaining 5 hr after storage at pH 6.7 as shown in Table 2 . The degradation profile of LDME followed first-order kinetics. The elimination rate constants were 0.001, 0.002, 0.002, 0.006, 0.029, and 0.106 at pH 1.72, 3.20, 4.10, 4.96, 5.81, and 6.72, respectively. As shown in Fig. 1 , the effect of pH on the solution stability of LDME in the pH range above 4.1 was much greater than that in the range below pH 4.1. The log k-pH profile showed a linear slope value in pH ranges above 4.1 (r 2 = 0.9955). The total percentages of remaining LDME and forming L-dopa were far less than 100% at Fig. 1 . Elimination rate constants of LDME in buffer solutions with various pH. LDME: levodopa methyl ester. pH 6.72. This was thought to be due to the involvement of other degradative reactions in LDME metabolism, in addition to hydrolysis.
To determine the amount of LDME enzymatically degraded before and after permeation, mucosal and serosal extracts were employed. Degradation profiles were investigated by monitoring the disappearance of LDME and the appearance of its main metabolite, Ldopa, using two concentrations (50 and 200 g/mL) of LDME. The disappearance of LDME in the mucosal and serosal extracts followed first-order kinetics as shown in Fig. 2 (A) . LDME was very rapidly degraded in nasal mucosa extracts; more than 90% of LDME was degraded at 30 min while more than 90% of LDME remained in the isotonic buffer (control) which was used for extracting enzymes from nasal mucosae. There were no significant differences in degradation rates between the extracts from the mucosal and serosal surfaces. Elimination rate constants were calculated to be 0.08 and 0.07 min −1 in the mucosal and serosal extracts, respectively. In addition, degradation rates were not significantly different between low and high concentrations of LDME, of which the half-life was 8.9 and 8.8 min, respectively. This was a much more rapid degradation, compared to levodopa butyl ester (degradation half-life of 144 min) in a study by Kao et al. (2000) [13] , although they used nasal perfusates.
As shown in Fig. 2 (B) , more than 80% L-dopa was formed at 30 min regardless of which extract and drug concentration were used. On the contrary, LDME was less degraded in isotonic buffer-therefore, L-dopa was not formed much. Based on the results, it was speculated that LDME could be a favorable prodrug of L-dopa, due to its rapid degradation and appearance of L-dopa in nasal mucosa extracts.
Since LDME as a solution formulation was very unstable, a powder formulation was obtained to ensure stability. The addition of Carbopol, HPC, and CMCNa at a concentration of 2% in Formulation A, B, and C (Table 1) , respectively, allowed adhesiveness of the powder formulations [14, 15] . SMCC was added to the adhesives to enhance absorption-according to a study, the addition of MCC to HPC enhanced nasal absorption of drugs such as leuprolide, calcitonin, and FITC-dextran. In the study, MCC was considered to function as an absorption enhancer by causing a locally high concentration of drugs near the nasal mucosa surface, while HPC was thought to increase retention of drugs on the nasal mucosa, due to its gel-forming property [14] . % remaining LDME % forming L-dopa N-acetyl-L-cysteine, a mucolytic agent, was employed to reduce nasal fluid viscosity and improve accessibility of the drug to the epithelial membrane [16] . 2-HP␤CD (23%) was used for improving nasal drug absorption either by increasing aqueous drug solubility or by enhancing nasal drug permeability [17] . In addition, it is known to reduce nasal toxicity [18] . Due to its lack of mucosal adhesive agents, Formulation D was used as a control for Formulation A, B, and C. As a control for powder formulations, solution formulation E was constructed.
The permeation study was conducted using powder formulations. As shown in Fig. 3 , LDME concentrations increased in the receptor cell for the first several min and then declined. Table 3 shows the appearance rates of L-dopa in the receptor compartment. LDME from solution formulation was not detected in the receptor cell. This was possibly because LDME was rapidly hydrolyzed to L-dopa in donor cells before permeation.
The appearance rates of L-dopa from powder formulations were higher than those from solution permeation. Among adhesive agents, Carbopol revealed the highest permeation enhancing effects, while HPC showed the lowest. Lag times were very short, ranging between 5 ∼ 15 min. The appearance rate of L-dopa was not affected by the presence of adhesive agents (Formulation A, C and D).
Further in vivo pharmacokinetic study is required to confirm these in vitro results because the in vitro study is not able to provide the information on the distribution and elimination of a drug. In addition, considering that nasal irritation was reported to be a limiting factor of apomorphine nasal delivery systems [19] , investigation of the nasal irritation with the formulated nasal systems is needed. Despite the limitations, the results of this study can be valuable as a preliminary data for formulating the LDME nasal delivery systems.
CONCLUSIONS
These results suggested that LDME nasal powder formulations would be useful delivery systems of Ldopa, owing to its high appearance rates and stability, compared to solution formulations.
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